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. . .for the chief malady of man i s  a restless cur iosi ty about things 
which he cannot understand; and i t  i s  not so bad for him to be in 
e r ro r  as to be curious to no purpose. 
PASCAL (Pensees, Section 1, #18) 
ABSTRACT 
Zero-gravity offers selective effect on growth and metabolic activity of 
unicel lular organisms as well  as unique opportunities i n  purif ication of 
organic compounds. These make i t  possible to consider the biosynthesis 
and recovery of certain metabolites economically feasible in space. 
Design, construction and operation of systems for the above mentioned 
purposes requires interdiscipl inary actions wi th in  the scope of a new 
discipl ine: space bioengineering. Paper discusses the problems and 
perspectives of  this discipl ine part icular ly in the application of bio- 
reactor-recovery systems in space to manufacture metabolites of h igh  
economic and scientific value. Special attention i s  paid to pivotal fac- 
tors such as various mass transport phenomena, contamination control, 
automatic control of  optimum environment and synchronization of the 
operation of the biological (biosynthesis) and the physicochemical 
(recovery-purification) systems. Although the space bioengineering is 
i n  its early stage of development, i ts  role w i l l  gradual ly increase wi th  
the fu l l  implementation of  the Space Bioprocessing Program. 
I n  the course o f  technical developments, we always witness that the 
human knowledge on  the physical  behavior o f  inorganic materials 
precedes the information on biological systems. T h i s  t radi t ion was 
observed again, most recent ly ,  d u r i n g  the Apollo and Skylab exper-  
ments wh ich  demonstrated s igni f icant  changes in the physical  behavior 
o f  f lu ids  and gasses exposed to zero-gravi ty  (1) . 
On the other hand, cer ta in experiments related to the search o f  effects 
of gravi tat ional  acceleration, cosmic radiat ion and weightlessness on  
l i v i n g  systems revealed, among others, the poss ib i l i t y  o f  cu l tu r i ng  
unicel lu lar  organisms in space. Increased specif ic g rowth  ra te  and 
h igher  cel l  densi ty  obtained w i t h  S. typhimur ium (2)  as wel l  as h igher  
frequency of induct ion o f  bacterioFhage in E .  - coli K-12 (3 )  indicated 
improved metabolic act iv i t ies probab ly  due t o  altered physicochemical 
propert ies o f  the l iqu ids  and gases under  near weightless condit ions. 
These resul ts  in i t ia ted a s tudy by JORDAN (4) concluding that there 
is a possib i l i ty  to enhance the product iv i ty  of cer ta in organic com- 
pounds i f  the biosynthesis takes place i n  space. 
Most recent experiments w i t h  zero-gravi ty  electrophoresis revealed 
the poss ib i l i t y  of f ine separation and (u l t ra )  pur i f i ca t ion  of 
biological materials ( 1 ) .  
These basic experimental data forecast a potential research ac t iv i ty  
and indust r ia l  appl icat ion in space environment for  processing 
biological materials. A new d isc ip l ine  seems to shape u p  wh ich  may 
be cal led as "space bioengineer ing".  
Object ive o f  th is  paper i s  to analyze some o f  the major questions 
related to th is  technology. It i s  emphasized, however, that the po- 
tentials and l im i ts  of th is  d isc ip l ine  have not been ident i f ied ye t .  A l l  of 
ou r  discussion i s  based on  a few experimental data in space and the 
knowledge accumulated, most ly  d u r i n g  the last 30 years, i n  biochemical 
engineering. It i s  felt, however, that th is  study g ives  some basis wh ich  
can be u t i l i zed by space processing scientists d u r i n g  the implementation 
o f  Space Bioprocessing Program. 
SPACE BIOENG I NEERING 
Unique propert ies o f  the space environment (par t icu lar ly  gravi tat ional  
effects, cosmic rays)  interact ively inf luence the bioprocesses which, 
henceforward, requ i res  hardware and technology substantial ly d i f -  
ferent  from the ones employed on  the Earth. Space bioengineering i s  
concerned w i th  the hardware design and technologies related to proc-  
essing o f  organic compounds b y  means of biosynthesis and recovery-  
pur i f icat ion,  a t  least one of wh ich  takes place i n  space. 
As a d isc ip l ine  (F igu re  1 )  space bioengineer ing i s  closely re lated @ 
biochemical (5 )  w h i c h g e n e r a l l y  deals w i t h  the theory and 
pract ice of n of materials a 
l i qu id .  I t  has also a re lat ionship w i t h  
wh ich  deals w i t h  ex t ra  te r res t r ia l  detect ion of microorganisms, evalu- 
at ion of behavior  o f  te r res t r ia l  microorganisms i n  space and moni tor ing 
o f  sgacecraft and astronaut microbia l  f lo ra .  The d isc io l ine  has a close 
re labonship w i th  the material  processing sciences spedially u t i l i z i ng  
the knowledge o n  un ique behavior of l iqu ids ,  gases and sol ids in 
zero-gravi t y  . 
Tab le  I l is ts  the main  areas of concern re lated to act iv i t ies in space 
bioengineer ing.  A t  th is  time, we shal l  address ourselves o n l y  to few 
key  questions closely related to implementation of NASA L i fe  Sciences 
Program in Space, pa r t i cu la r l y  the ear ly  stage of Space Shut t le  and 
Spacelab experiments. I t  i s  ant icipated, however, that ga in ing  
fu r the r  pract ica l  information, the scope of discussions w i l l  broaden 
incorporat ing such questions as experimental t r i a l  o f  bioprocessed 
material  in space fo r  qua l i t y  contro l  purposes. 
PROCESS DESIGN -- FOR SPACE EXPERIMENTS 
A major object ive fo r  the in i t ia l  stage o f  Bioprocessing Program i s  
the demonstrat ion of useful lness of space biosynthesis and biochemical 
separat ion techniques. Implementation of biosyntheses and recovery-  
pur i f i ca t ion  processes in space, however, faces constra ints f rom the 
v iewpo in t  of payload, in par t i cu la r  rega rd ing  the requirement of 
re la t ive ly  la rge  quant i ty  of water d u r i n g  each step o f  the operat ion. 
Another important constra int  i s  the maintenance of aseptic condi t ion 
d u r i n g  the cu l t u re  and product  recovery .  
Usefullness of b ioprocessing can be demonstrated in product ion o f  
one o r  more organ ic  compounds of h i g h  sc ient i f ic  o r  medical value 
in a quant i ty  appl icable fo r  a t  least experimental purposes. 
In an attempt to def ine the most promis ing materials, Table II l is ts  
var ious  organ ic  compounds cu r ren t l y  produced b y  means of b iosyn- 
thesis and biochemical recovery  techniques o n  laboratory o r  indus- 
t r i a l  scale. Each process represents a type o f  metabolic pa t te rn  and 
has at t ract ive features f rom experimental po in t  of v i ew .  Accord ing ly ,  
1 . Product ion of ce l l  mass (SCP) o r  ETOH o n  
carbohydrates can be  the subject  of exper i -  
ments o f  sh i f t ing  metabolic pathway in 
favor o f  one product  accumulation (7 ) ,  
2 .  Biosynthesis o f  g luconic ac id f rom glucose 
i s  a classical example of combined and 
staged ac t i v i t y  o f  var ious cel l-bound, cel I-free 
enzyme act iv i t ies as we1 l as nonenzymatic 
convers ion o f  an  intermediate into f ina l  p roduct .  
Besides, the process i s  we l l  known, therefore, 
comparative studies can be  easi l y  made. 
3 .  Production o f  oxytetracycl ine ( O I C )  has the 
combined character is t ics o f  the former two 
processes ( w i t h  the exception of nonennymatie 
catalysis s tep) .  In addit ion, the problem of 
contamination i s  g rea t l y  reduced because of the 
w ide spectrum of the ant ib iot ic  ac t iv i ty .  
4 .  Biosynthesis of v i tamin  B12 i s  an  example of 
mixed cu l t u re  operat ion incorpora t ing  complex 
g r o w t h  and p roduc t  formation k inet ics.  
As i t  i s  noted on  Tab le  II w i t h  the exception o f  the f i r s t  process, 
p roduct  recovery  can be  implemented either by chromatography o r  
by electrophoresis. 
On the other hand, the absolute (scient i f ic,  commerical) value of 
products #1 - #4 i s  low, whereas the des i red  quant i ty  for appl ica- 
t ion i s  re la t ive ly  large.  Even in the case of substantial  improvement 
in biosynthesis (assuming four fo ld  increase in space) the needs 
can be  fu l f i l l ed  on l y  w i t h  mov ing of la rge  quant i t ies o f  water .  
Because of these considerations, any of the processes has sho r t  
range of app l icab i l i t y  and sc ient i f ic  value on l y  in the test ing stage 
o f  space biosynthesis and recovery  equipment. 
Product  #5 has the advantage o f  experimental t r ia l  of eucaryote 
cel l  g r o w t h  exposed to space envi ronment as we l l  as product ion  
of compounds of sc ient i f ic  and medical signif icance. In par t i cu la r ,  
product ion of g r o w t h  hormones (GH) , adrenocort ical s tero id 
hormones, thyrocalc i  toni n and para thyro id  hormone may be l is ted 
here  as p r ime  candidates. In addit ion, electrophoresis i s  con- 
s idered as the best  means in separat ion of the pro te in  and po ly -  
peptide compounds f rom the cu l t u re  medium components (e.g.  
from serum) . POSNER, in a sho r t  d iscussion (8), descr ibes the 
most recent  achievements (notably, d i r e c t  re lat ionship between 
cel l  mass and GH product ion,  suspension cu l tu re  o f  p i t u i t a ry  tumor 
cel ls, enhancing effect of hydrocort isone o n  GH production, release 
o f  hormones into the extracel lu lar  l i qu id )  . With a potential in- 
crease o f  cel l  densi ty  to 1012 cel ls  per  l i t e r  f rom l o 9  cel ls pe r  l i te r ,  
gonadotropin hormone product ion  can be  substantial ly augmented 
(a cautious estimation i s  a four fo ld  increase in GH product ion) .  
HIMMELFARB and h i s  coworkers a l ready repor ted  l o 8  cel ls pe r  m l  in 
a perfusion-suspension apparatus (9) . 
On the basis o f  the f i r s t  experiments in  space re la t ive  to f l u i d  and 
gas mix ing  condit ions, i t  i s  ant icipated that the enhanced oxygen  
transfer w i l l  improve the cel l  metabolic ac t iv i ty  leading to increased 
cel l  number, hence la rger  hormone product ion.  In case of achieving 
10" cel ls per  l i t e r ,  a semicontinuous cu l tu re  can produce about 
2 G GH/L /24  hours  for  f u r the r  recovery and pur i f icat ion.  Also 
changes i n  normal human cells "anchorage dependency" can be 
anticipated i n  ;zero-(;, making product ion of hormones by non- 
malignant cel ls possible. 
EQUIPMENT DESIGN 
GENERAL CONSIDERATIONS 
According to experiences accumulated in biochemical engineering the 
fo l lowing main ru les  must  be observed i n  the hardware design: 
1 . Systems in teg r i t y .  The  ent i re  system consists o f  three 
major elements: 1) Biosynthesis equipment, 2) Recovery 
equipment and 3) Process support  subsystem. From 
operation point  of v iew a l l  those elements a re  considered 
as one unit. T h i s  p r i nc ip le  defines the type and number 
o f  moni tor ing and control elements as we l l  as the mode 
o f  operation o f  the system. 
2. Systems f l ex ib i l i t y .  A t  the beginning o f  the experiments, 
p a r t ~ c u l a r l y  i n  the test staqes at  least three tyDes o f  
i-eactions dan be visual ized: 1 ) - Fast, enzymatic conversion 
o f  C O ~ D O U ~ ~  A into B (where c o m ~ o u n d  B i s  the subiect 
o f  recdvery) ,  2) ~ e l a t i v e l ~  fast -microbiological proc&s 
(doubl ing time = 20-60 minutes, p roduct  formation rate 
(dP/dt) = ) 5C/L/HR) and 3) Relat ively slow process 
(doubl ing time = 10-20 h r s ,  p roduct  f o r m a x  rate 
< 5G/L/HR). 
Accord ing ly ,  the internal  des ign and instrumentation 
o f  the biosynthesis subsystem must a l low suff icient 
interchangeabi l i ty  wh ich  makes the implementation of 
enzymatic reactions (CSTR) , microbia l  fermentations 
and animal cel l  suspension cul tures possible. It i s  
necessary to note, that i n  a l l  cases, the recovery sub- 
system (EFO) i s  unchanged. T h i s  makes the appl icat ion 
o f  a "buf fe r  subsystem" necessary. T h i s  system couples 
o r  uncouples the biosynthesis and recovery  subsystems 
depending on  the differences between the k inet ics o f  
biosynthesis and the recovery.  
3 .  Automatic operation. Because of the anticipated workload 
aboard the Spacelab, the system must  contain extensive 
electronic moni tor ing,  process analysis and control equip- 
ment wh ich  alleviates the necessity for  scientists to manually 
operate the equipment. T h i s  question, considered to be im- 
portant, both from design and process implementation points 
of view, w i l l  be discussed in a subsequent chapter. 
SPACE BIOPROCESSING SYSTEM 
- - -  
Figure 2 contains a basic concept of  "convertible" equipment useable 
as CSTR for enzymatic reactions, as well  as for cu l tur ing cells in 
suspension. I n  a typical process, cul ture medium in Culture Vessel, 
1 i s  seeded from a Seed Chamber. Environmental conditions are 
maintained according to the physiological status of the cul ture.  Upon 
a condition (maximum product concentration, nutr ient  depletion) the 
cul ture l iqu id  (or  reaction mixture) i s  transferred to a dialysis system, 
2 (10) where the product (among other organic compounds of  same 
cut-off molecular weight) i s  removed and stored in a reservoir, 3.  
The non-dialyzed par t  of the cu l ture  i s  either recycled o r  discarded 
depending on  the type and physiological stage of the process. Also, 
f resh nutrients and/or inducers can be added assuring (semi) contin- 
uous operation. The reservoir  serves as a "buffer tank" i f  capacity 
problems take place in the recovery system, which i s  an electro- 
phoresis apparatus. 
Specific emphasize i s  g iven to the on-line measurement of  process 
variables. With the exception of wet chemical analysis a l l  sensed 
variables have computer compatible output for fur ther data analysis. 
Wet chemical analysis i s  performed from time to time, however, w i th  
the accumulated knowledge on the process correlations can be found 
between wet chemical analytical data and d i rect  sensorial analysis. 
In a more advanced form, pivotal process variable(s) (11) w i l l  
govern the process. Th is  requires computer analysis and control 
of the ent i re operation. 
In part icular, the system i s  steri l ized by ethyleneoxide/C02 gas- 
mixture p r i o r  to use. Th i s  i s  a definite deviation from the 
"classical" fermentation practice where steam is  the pr imary 
steril ization agent. The contamination control i s  twofold, namely: 
a) excluding foreign microflora penetration into 
the system, 
b) control l ing the spread of the cul ture content in the 
work ing area. 
In view of the most recent f indings on f lu id  mechanics and f lu id  
gas interface phenomena in zero-gravity conditions , the most 
problematic area i s  the assurance of proper l i qu id  flow and mix ing 
conditions. Th is  question i s  yet  to be further analyzed. 
PROCESS CONTROL 
Depending on the systems configuration and the type of the bio- 
processing, the control of the entire process i s  implemented on 
two levels: 
1) Process kinetics control, 
2) Systems operation control. 
The question here i s  the proper definit ion of  the pivotal process 
variables around which the process control can be bu i l t .  Th is  
requires extensive on-line, real-time analysis o f  the process re-  
sul t ing in definit ion of  the physiological stages and the overal l  
process kinetics. 
PROCESS K I N E T I C S  A N A L Y S I S  AND CONTROL 
-
Analysis of  the process condition can be performed introducing the 
signals of  the on-line operating sensors into a computer which further 
processes the data b y  multivar.iation of the indiv idual  process variables. 
F igure 3 presents the logic of  such an operation. According to our 
experiences wi th  a h igh ly  instrumented, computer coupled pilot-plant 
fermentor, information related to the gas exchange conditions was found 
useful in detection of the physiological conditions of  the cul ture (12).  
As an example, Figures 4 and 5 show an on-line, real-time follow-up 
of a C. - -  ut i l is  culture's gas exchange condition. In this case, among 
other process indicators, RQ was computed which has d i rect  correlation 
wi th  the cells' physiological conditions. Dur ing the operation, samples 
were taken and analyzed by wet chemical analytical techniques. 
Chemical analysis of  the cu l ture  revealed signif icant correlations 
between RQ and some biochemical events including: 1) nucleic acid, 
2) protein, and 3) ethylalcohol synthesis (Figure 5 ) .  
The d rop  in RQ value dur ing  the elapsed time per iod of 1-3.0 hours 
coincided wi th  the increase in specific nucleic acid content of  the 
culture, while the minimum RQ (EFT = 3-4 hrs.)  coincided wi th  the 
start  of  increased specific protein concentration. The increase in RQ 
value in the four th  hour coincided w i th  the start  of ethylalcohol 
formation (shaded area) . Correlation obtained between the culture's 
metabolic act iv i ty detected b y  wet chemical methods and the respl- 
ra tory  quotient obtained v i a  computer operation demonstrate that the 
latter, after the definit ion of correlations, can be used to determine 
certain transit ion conditions in eucaryotic cel l  cultures. 
As a consequence, process status indicator such as RQ can be used 
to control the optimum environmental condtions dur ing  the cul ture.  
Figure 6 shows a double control loop concept to implement interactive 
control o f  indiv idual  process variables (Y, N, Q, P, etc.: inner 
control loop) the composite of which creates the environmental condi- 
tions. Alteration of setpoints on  the individual process control lers 
i s  based on the status of the process obtained through an analysis of 
the available information on cul ture rheology, physiology and 
metabolic activity (outer control loop) . 
In the above mentioned part icular case, the culture's RQ served as 
process status indicator and Q02, QC02 were used to define the 
process kinetics. On this basis carbon and nitrogen compounds 
were fed in an optimum proport ion resul t ing in suppression o f  ethyl- 
alcohol and increase in protein biosynthesis. B y  this means,envi- 
ronmental conditions were optimized and a fourfold increase in 
growth rate was obtained (7) . 
SYSTEMS OPERATION CONTROL 
According to the pr inc ip le  of systems integr i ty the operation of bio- 
synthesis, recovery and support subsystems w i l l  be coordinated. 
Figure 7 shows a concept of the systems operation control. Th is  
assumes analysis of status both for the biosynthesis and for  the 
recovery pa r t  of the process. As i t  was shown, the biosynthesis 
stages and the kinetics can be analyzed and controlled on-line, 
real-time. Th is  par t  o f  the process is considered, however, to be 
the most complex one exposed to unexpected disturbances. In the 
case of  product recovery (dialysis and EFO) l i qu id  f low rates and 
material concentration are considered to be the pivotal variables. 
Information on  status o f  both processes i s  fed into the control lers o f  
process support system. Th is  assures the proper rates of gas and 
l iqu id  removal and pur i f icat ion as well  as defines the availabi l i ty 
and supply o f  ut i l i t ies.  It is wel l  known that the microbiological 
processes are water extensive. Therefore, part icular care must be 
exercised to assure the proper water recycl ing schedules. 
The task of  construction of a system wi th  such a complexity and 
the payload constraints requi re  application of microprocessors for  
process control purposes. These are programmed according to 
f indings whi le using minicomputers in process analysis and controls 
of biosynthesis and recovery systems dur ing  the test stages. 
CONCLUS 1 ONS 
The above mentioned examples and design considerations indicate 
that implementation of  a Space Bioprocessing Program is  technically 
feasible. 
In addition, there are three general comments wor th  emphasizing 
wi th  regard to this project. 
First ,  the Program has to demonstrate the economic and/or scientific 
-
value o f  bioprocessing under zero-gravi ty conditions . Th is  i s  the 
question of wel l  defined process(es) and wel l  designed equipment. 
Presently, there are guesses in this area and only the experimentation 
w i l l  g i ve  us proper answers. We have to recognize, however, that 
because o f  the unique propert ies of  fluid-gas mixing, new process and 
equipment designs are an absolute necessity. 
Second, we al l  know that the majority of the presently exist ing 
fermentation plants a re  constructed w i th  more respect toward material 
selection, motors, pipes than regarding the importance of cel Is ' 
physiology in the biosynthesis. Whatever the outcome of the Spacelab 
experiments w i l l  be, information obtained on  the cel lular metabolism 
can be used as source for construction of  more bioprocess oriented 
fermentation plants on  the Earth. 
Th i rd ,  in case of  success, the bioprocessing equipment constructed 
-pace application, w i l l  serve as a prototype of an ultramodern 
fermentation system which can open new areas for the industrial 
microbiology. 
I believe that w i th  proper interdiscipl inary efforts, we shall achieve 
those goals which w i l l  be beneficial both for  science and the 
indust ry .  
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L I S T  OF ABBREVIAT IONS 
--
ATP 
GSTR 
Di 
DEDT 
DO 
DPRDT 
EGA 
k ~ a  (KLA) 
N 
N A 
NADH, NADH + H+ 
Adenosine triphosphate, 
Continuously s t i r red  reactor, 
Diameter of impeller, 
Rate of ethylalcohol (C2H50H) 
biosynthesis, 
Dissolved oxygen concentration, 
Protein biosynthesis rate i n  the 
cul ture l iquid,  
Ex i t  gas analysis, 
Oxygen mass transfer coefficient, 
Agitat ion speed, 
Nucleic acid content of the cul ture l iquid,  
Pyr id ine nucleotide content of  cells 
(oxidized, reduced forms), 
Reynolds number, 
Oxidation-reduction potential (eH) , 
Oxygen uptake rate of the culture, 
Vessel head pressure, 
Product formation rate (dP/dt) , 
A i r  (gas) f low rates, 
Specific C02 release rate, 
Specific O2 uptake rate, 
Respiratory Quotient, 
Substrate, C6 sugar, 
L IST OF ABBREVIATIONS (CONTINUED) 
-- 
52, 5, 
T 
Td 
v 
W 
WCA 
X 
X 
GREEK LETTERS 
A 
P 
Nutrients, 
Culture liquid temperature, 
Doubling time, 
Culture liquid volume, 
Energy uptake for fluid mixing, 
Wet chemical analysis, 
Cell mass, 
Growth rate, 
Specific growth rate 
Liquid density 
TABLE 1 
M A I N  AREAS OF CONCERN -- I N  - SPACE BIOIECHNOLOGY 
PROCESS DES IGM 
UNIT PROCESSES 
UNIT OPERATION 
CONCERTED OPERATION OF THE SYSTEM ELEMENTS 
EQU I PNENT DES I GN 
CULTURE VESSELS 
PRODUCT RECOVERY AND PURIFICATION SYSTEMS 
INSTRUMENTATION 
SUPPORT SYSTEMS 
ASEPT I C OPERAT I ON 
MEDIA AND GAS SUPPLY STERIL IZATION 
BIOHAZARD CONDITIONS 
PROCESS CONTROL 
KINETICS 
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TABLE 2 
P: ANALYSIS - OF PROCESSES -- FOR SPACE BIOTECHNOLOGY 
E PRODUCT PROCESS MA I N PRODUCTS TYPE OF  VALUE(^) ANNUAL 
F"": PR I MARY SECONDARY RECOVERY (CELLS) 
REQU I REMENT(~)  
#1 #2 #l $ #2 (ESTD) 
k"- 1, SCP/ETOH C,UTILIS 25 G/L E T O H : ~ ~  G/L F I L T R *  D I S T ,  1 , 9 X 1 0 - ~  Z X ~ O - ~  
SUBMERGED 
106T 
K 2, GLUCONATE P , OVALI s 3 G/L G A : ~ O  G/L F I LTR I CHROM, NIL 1 . 9 ~ 1 0 - *  1 0 4 ~  
CIIII 
SUBMERGED D I A L *  EFO 
b~,  " t-' 
--a 3, OXYTETRA- S,RIMOSUS 8 G/L O T C : ~ ~  G/L F I LTR,  CHROM N I L  
i?2 CYCLINE SUBMERGED D I A L *  EFO 
r: 4. VITAMINE MIXED CULTURE 6 G/L Blg:O. 3 G/L FILTR. EFO FEED 4,7 SUBMERGED D I A L  s 
102T 
B12 
P: 5, GROWTH T H Y R ~ T R ~ P H  1 0 9 / ~  G H : O , ~  G/L DIAL* EFO ? 375 0,1 T 
HORMONES MAMMOTROPH 
EZ CELLS 
(B)  ESTIMATED POTENTIAL NEED IN USA, 
E: 
t-' 
4 
-F- 
( MATERIAL SCIENCES 
IN 
ZERO GRAVITY 
BIOSYNTHESIS FLUID MECHANICS 
I tLUIU-bAS M I X  I n I I -. . . . . . . ,. "'"ING ( MATERIALS, PROCE 
 STERILITY CONTROL 
I 
SPACE B IOTECHNOLOGY I 
MANAGEMENT 
I PURIFICATION I -
Figure 1.- Rela t ionship  between space biotechnology and other  d i s c i p l i n e s .  
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Figure 2.- Design concept of bioprocessing equipment (suspension culture). 

Figure 4.- On-line real-time determination of the physiological condition and process 
kinetics of an eucaryote cell culture. 
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Figure 5.- Metabolic activity of 2. utilis in lag-log transition. 

Figure 7.- Concept of systems operations control. 
